The recent detection by the BICEP2 collaboration of a high level of tensor modes seems to exclude the Starobinsky model of inflation. In this paper we show that this conclusion can be avoided: one can embed the Starobinsky model in supergravity and identify the inflaton field with the imaginary (instead of the real) part of the chiral scalaron multiplet in its formulation. Once coupled to matter, the Starobinsky model may then become the chaotic quadratic model with shift symmetry during inflation and is in good agreement with the current data.
Introduction
The recent Planck results [1] have indicated that the cosmological perturbations in the Cosmic Microwave Background (CMB) radiation are nearly gaussian and of the adiabatic type. If one insists in assuming that these scalar perturbations are to be ascribed to single-field model of inflation [2] , the data put severe constraints restriction on the inflationary parameters. In particular, the Planck results have strengthened the upper limits on the tensor-to-scalar ratio, r < 0.12 at 95% C.L., disfavouring many inflationary models. In particular, the simplest quadratic chaotic model has been excluded at about 95% C.L.
Among the inflationary models discussed by the Planck collaboration is the Starobinsky (R + R 2 ) theory, first presented in Refs. [3] (see also Ref. [4] ). The Starobinsky model is a model that leads to a quasi-de Sitter phase and it is described by the Lagrangian
where M p is the reduced Planck mass. This theory does not describe only the GR degrees of freedom, i.e.
the helicity-2 massless graviton, but in addition it propagates a scalar degree of freedom usually called "scalaron". The later is hidden in the action (1) and can be revealed in the so-called linear representation,
where one writes the action in the equivalent form [4] 
After integrating out the field ψ, one gets back the original theory (1) . However, the action (2) is written in a Jordan frame and it can be expressed in Einstein frame after the conformal transformation
is performed. Then, we get the equivalent scalar field version of the Starobinsky model
There is a plateau in the scalar potential for large values of φ where slow-roll inflation can be realised with a quasi-de Sitter phase driven by a vacuum energy
The normalization of the CMB anisotropies fixes M ≈ 10 −5 M p . In addition, the scalar tilt n S and tensor-to-scalar ratio r turns out to be
Note that r has an addition 1/N suppression with respect to n S . Although this model looks quite ad hoc at the theoretical level, it is perfect agreement with the Planck data, basically due to an additional 1/N suppression (N being the number of e-folds till the end of inflation) of r with respect to the prediction for the scalar spectral index n S .
For this reason, there has been a a renewed interest on the Starobinsky model, with particular emphasis on its supergravity extensions [5] [6] [7] [8] [9] [10] [11] , along the lines originated in Refs. [12] [13] [14] .
This positive attitude versus the Starobinsky model has dramatically changed with the recent release of the measurement of the tensor modes from large angle CMB B-mode polarization by BICEP2 [15] , implying a tensor-to-scalar ratio
Putting aside the tension with the Planck data, this result (if confirmed) puts inflation on a ground which is firmer than ever. On the other side, it is in contradiction with the predictions (6) of the Starobinsky model.
The goal of this paper is to show that this is not necessarily true: the contradiction with the tensor modes data disappear if one embeds the Starobinsky model in supergravity and identifies the inflaton field with the imaginary part of the chiral multiplet in the dual formulation of the model (instead of the the real part of it, as done in all the literature so far). We dub this version of the Starobinsky theory the "Imaginary Starobinsky model" and show that it basically resembles the quadratic chaotic model during inflation [16] (for recent reviews, see [17] ) once the coupling to matter is considered (a necessary condition to allow reheating in the model). It is nice that just embedding the Starobinky model into supergravity can make it in agreement with the data.
Recently in [18] it was shown that the simplest proposal in the standard supersymmetric Starobinsky model to identify the axion b, partner of the scalaron, with inflaton does not work and a drastic modification to the theory must be made if the b field is responsible for the inflation. We show that a plausible modification can be made which naturally leads to b inflation.
The paper is organized as follows. In section 2 we recall the basics of the embedding of the Starobinsky model in supergravity, as done in the literature so far. In section 3 we describe our proposal to identify the inflaton with the partner of the "scalaron" rather than the scalaron itself. Section 4 contains the main points about the imaginary Starobinsky model. Section 5 contains our conclusions.
The Supergravity embedding of Starobinsky model
The bosonic Starobinsky model can be embedded in N = 1 minimal supergravity. In fact, since it is a higher curvature theory, it can be described both in old-minimal [13] as well as in new-minimal [14] N = 1 supergravity.
Inflaton potential embedded in new-minimal supergravity
The (R + R 2 ) gravity dual, in the (new-minimal) off-shell formulation of supergravity corresponds to a massive vector multiplet (1, 2(1/2), 0) with a self-coupling function J(C) where C is the scalar partner of the massive vector. In this scenario, the D-term potential is g 2 (J (C)) 2 and the metric for the C-field is just −J (C) (J (C) < 0). In the Starobinsky model dual to the (R + R 2 ) supergravity we have (in
φ .
It is only when J(C) is given by (8) that the model reproduce pure (R + R 2 ) supergravity. In all other cases, the (R + R 2 ) theory is coupled to an extra massive vector multiplet [8] . This is similar to the findings of [20] in old-minimal formulation when we depart from a superpotential W = ST to a new superpotential SF (T ), where S, T are the chiral superfields of the old minimal formulation.
This theory is also equivalent to (new-minimal) standard supergravity coupled to a linear multiplet and a gauge field which makes the linear multiplet massive [21] . The mass terms for the vector is
µ so if we choose a free vector coupled to gravity, J (C) = const. and the D-term just generates the mass term for the vector
Note in this model the F-I term is irrelevant because of the invariance of the kinetic term under C → C +ξ.
The α-models [8] are obtained by the Kähler potential (of the complex field z where Im z has been eaten by the vector) K = −3α ln C so that the canonically normalized field becomes C = − exp 2 3α φ. The curvature of SU (2, R)/U (1) coset is now [8] 
For each α there are actually three models one can construct but only one, corresponding to the gauging of the parabolic isometry, gives the potential
Other gaugings produce potentials with sinh 2 3α φ or cosh 2 3α φ [22] . The α → ∞ model reproduce the Stuckelberg model [23] , while the α → 0 model reproduce the Freedman model [24] (where the U (1) symmetry is restored and the potential just becomes a cosmological constant).
Inflaton potential embedded in old-minimal supergravity
The Starobinsky Lagrangian is usually embedded [13] in the "old minimal" two-derivative formulation of supergravity with the gravitational supermultiplet coupled to a pair of additional chiral multiplets, the inflaton T and the goldstino S multiplets. In the minimal universal embedding, supergravity is actually coupled to a chiral multiplet containing the inflaton and a goldstino multiplet X replacing S [25] . The latter is a constraint superfield [26] obeying
Such a constraint superfield has been used before for inflation [27] . This constraint in fact allows to solve the scalar of the chiral multiplet in terms of the goldstino bilinear GG and X is explicitly expressed as
The supergravity Lagrangian is then written in the conformal compensator formalism [28] as
By using the identity
where R is the chiral supergravity multiplet, (14) can be expressed as
Let us note that T appears in (16) as a Lagrange multiplier, and its equation of motion is simply
Due to the X 2 = 0 constraint, the chiral supergravity mutiplet R satisfies also
This constraint can be implemented by a chiral Lagrange multiplier σ and the dual action to (14) turns out to be
Then, by recalling that the components of the chiral superfield R are [12, [28] [29] [30] ]
where u and A m are the auxiliary fields of "old-minimal" N = 1 supergravity and ψ n is the gravitino field, we find that the bosonic Lagrangian of (19) is [25] 
which clearly describes an (R + R 2 ) supergravity coupled to a pseudoscalar mode coming from D m A m .
We now proceed with the dual action (14) and a simple inspection of it shows that the Kähler potential and superpotential are given by
and
respectively. Although the goldstino superfield X is not dynamical as it does not contains any elementary scalar field, it contributes to the scalar potential since (at X = 0)
The scalar potential is then given by
where M = 3 √ λ [9] and the bosonic Lagrangian turns out to be
Note that the positivity of V in (25) is due to the no-scale structure of the T -inflaton Kähler potential [31] .
It is standard to identify the inflaton with the real part of the complex scalar T . Indeed, parametrizing the scalaron Re(T ) as
and integrating out the Im T , we find that the effective bosonic theory, after appropriate shift of φ, turns out to be
This is the standard Starobinsky model in the dual theory. However, as we have already mentioned, it cannot account for the level of the gravitational waves indicated by BICEP2. As a result, one is tempting to rule out also the supersymmetric (R + R 2 ) theory. However, unlike the non-supersymmetric case, the supersymmetric (R + R 2 ) theory has a solution encoded in itself. This is the subject of the next section.
The Imaginary Supersymmetric Starobinsky Model
As we have seen above, identifying the inflaton with the real part of the T -field does not provide a large enough amount of tensor modes. However, the field T has also an imaginary part, which we have fixed before to its vacuum value Im T = 0. In the general case of a complex T ,
where c = f /3 √ λ, such that the theory is now described by the Lagrangian
It is dual to the (R + R 2 ) theory described in (21) . After parametrizing the complex scalar T by two real scalar φ and b, as
we find that the effective bosonic theory turns out to be
Since the field φ is present both in the kinetic and in the mass term of the field b, we can consider instead of b, the new field χ = e φ b. We consider now the initial configuration where the φ field is close to the minimum of its potential. Its energy density is (still in Planck units) λ ∼ 1 and it is much smaller than the one associated to the χ field, which is ∼ χ 2 1. Therefore the energy density of the φ field is completely negligible at the beginning. However, as it has been shown in Ref. [18, 19] , even for an initial large value of the χ the latter is immediately driven to oscillate around χ = 0 and inflation ends almost instantaneously. The reason for this behavior is the kinetic mixing of the fields χ and φ. Their kinetic terms are of the form
and the equations of motion of the fields are
For initial values χ 1, the field φ is pushed towards the plateau of its potential and its equation is solved byφ − 3/2χ/χ, thus canceling the friction term of the field χ and making the latter rapidly rolling to the minimum of its potential. From this discussion we can infer that one needs to strongly stabilize the field φ with a large curvature around the minimum of its potential. This can be achieved by considering the couplings of the Starobinsky model to matter. These couplings are a necessary ingredient for the Starobinsky model in order to let the universe reheat after the end of inflation. Therefore, one should include couplings of the multiplet T to matter multiplets Φ i . As explained in Ref. [34] , we will consider that these couplings are induced by modifying the Kähler potential as
Assuming that all matter scalars are stabilized at Φ i with D i W = 0 and F ( Φ i ) = m, the dynamics of the T and X multiplets are then effectively described by the Kähler potential
Different modification of the Kähler potential have been considered in [18] and shown to stabilize the φ field during inflation triggered by the b field. We also assume that the superpotential W (T, X, Φ i ) is such that it takes the standard form
The resulting potential then turns out to be
and the Kähler metric is
In terms of the real and imaginary parts of T , the potential reads 
where γ = 2/3, and the bosonic Lagrangian turns out to be
Note that for m = 0, the scalars parametrize the Kähler space SU (1, 1)/U (1) and (41) reduces to (32) .
For a generic value of m, the scalar manifold is deformed such that only a U (1) isometry is preserved. In this case we find that as m tends towards m = −(2f ) 1−n , the minimum of the potential in the field φ gets steeper and steeper when n goes to unity. This behaviour is similar with that of the model considered in [18] . To simplify the discussion, let us take the particular value
with n = 1, for which there is a minimum φ = φ 0 = ln f 1/γ independently of the value of b. The potential is drawn in Fig. 1 . The value n = 1 is excluded as it the Kähler potential (36) does not depend on T .
At the minimum
and the field φ is anchored there by a large curvature, so that the potential for the imaginary part of the T -field turns out to be
Since
the theory at φ = φ 0 is described by (with n > 0 and n = 1)
Upon redefining χ = b √ n/f we write the Lagrangian (46) with a canonically normalized kinetic term as
where
This is just the minimal chaotic inflation with quadratic potential. It predicts
which is in good agreement with the BICEP2 data. It is intriguing that there is no cosmological constant once the fields are settled down to their vacuum although supersymmetry is broken. This is due to the no-scale structure of the Kähler potential in Eq. (22) which prevents the appearance of a non-zero vacuum energy, even if supersymmetry is broken [31] . Furthermore, the inflaton χ ∼ (T −T ) does not appear in the Kähler potential which exhibits the global symmetry T → T + ia where a is a real constant.
This symmetry is not shared by the superpotential (23) . However, the theory is natural in the 't Hooft sense as in the λ = 0 limit, the shift symmetry is recovered. The parameter λ can be small, originating from a more fundamental theory where there is a small breaking of the shift symmetry. As a result, we do not expect higher dimensional operators of the form O n ∼ χ n /M 4+n pl to invalidate the inflationary predictions [32, 33] . However, we should keep in mind that quantum gravity is not expected to respect global symmetries so that quantum gravity effects might generate such operators.
It is interesting to see if there is a dual theory written in terms of the curvature scalar R and the vector A µ as in the m = 0 Starobinsky case [25] . In terms of T = τ + iσ, the theory is described by
By performing the conformal transformation
Eq. (50) is written as
where we have introduced an auxiliary vector A µ [25] . The equations of motion of the latter give back the kinetic term of the σ field. We may also integrate out σ to get
In the zero-momentum limit of the y field (i.e. during inflation) we may ignore its derivatives and we can integrate it algebraically. However, although the integration cannot explicitly be performed, we can do it perturbative in m. The result is
where one sees that on the top of the standard (R + R 2 ) term [25] the leading correction has a maximum higher power of curvature R n+1 . Thus one can see that coupling the (R + R 2 ) Starobinsky model leads to the extended Starobinsky model where, among others, an infinite series of the scalar curvature is present.
Conclusions
In this paper we have reconsidered the prediction of the supersymmetric Starobinky model of inflation.
In its dual formulation, although the real part of the chiral multiplet cannot generate enough tensor modes as an inflaton, its imaginary part does if appropriate couplings to matter are introduced. While its non-supersymmetric version seems to be ruled out by the recent BICEP2 data on the amount of tensor modes, we have shown that the field space of the supersymmetric theory contains inflationary directions which are in agreement with the current data once appropriate couplings to matter are considered. The reason is that, along this imaginary direction and once the couplings to matter are considered, the model may become the chaotic single-field model with a quadratic potential.
